Technology for satellite power conversion by Gallagher, J. J. et al.
e 
8 
https://ntrs.nasa.gov/search.jsp?R=19870008796 2020-03-20T11:28:48+00:00Z
0 
e 
0 
e 
a 
Semi-Annual Technical Report 
on 
Technology for 
Satellite Power Conversion 
NASA Research Grant 
NO. NAG3-282 
Georgia Tech Research Institute 
Project No. 3244 
NASA Technical Officer: W. M. Krawczonek 
Prepared for 
National Aeronautics and Space Administration 
Lewis Research Center 
21000 Brookpark Road 
Cleveland, Ohio 44135 
Prepared by 
e 
M. A .  Gouker 
D. P. Campbell 
J. J. Gallagher 
Georgia Tech Research Institute 
Georgia Institute of Technology 
Atlanta, Georgia 30332 
February 27, 1987 
LIST OF FIGURES 
e 
1. Bias Power Versus Bolometer Resistance Measurement Circuit. 
2. Sample Plot of Bias Power Versus Bolometer Resistance. 
3. The VHF Test Circuit. 
4. Detector Voltage for a 20 Micron Bolometer with 100 Hz 
Modulation Frequency. 
Roll-off of the Normalized Responsivity for the Different 
Length Bolometers. 
5. 
a 
a 
LIST O F  TABLES 
1. 
2. Percent Difference Between the Change in Resistance of the 
3. Percent Difference Between the Measured and Actual VHF Power 
dc Responsivities of Various Length Bolometers. 
Bolometers from dc and VHF Power. 
Applied to the Bolometers. 
4. Thermal Decay Time Constants of the Different Length 
Bolometers. 
0 
0 
1. In t roduct ion  
T h e  work i n  t h i s  r e p o r t i n g  p e r i o d  has been  c o n c e n t r a t e d  on 
e l e c t r o n i c a l l y  c a l i b r a t i n g  t h e  b o l o m e t e r  d e t e c t o r s .  T h e  
c a l i b r a t i o n  i s  n e c e s s a r y  f o r  two r e a s o n s :  f irst ,  t h e  power 
d e l i v e r e d  t o  t h e  r e c t i f y i n g  c i r c u i t  must  be known i n  o r d e r  t o  
choose  a d i o d e  w i t h  t h e  a p p r o p r i a t e  b a r r i e r  h e i g h t ,  and second,  
t h e  power c a p t u r e d  by t h e  an tenna  must be measured i f  t h e  
e f f i c i e n c y  o f  t h e  r e c t e n n a  i s  t o  b e  d i v i d e d  i n t o  a n t e n n a  
e f f i c i e n c y  and r e c t i f i c a t i o n  e f f i c i e n c y .  T h e  m i l l i m e t e r  wave 
region opera t ion  of t h e  bolometers has  been s imula ted  w i t h  a VHF 
(10-90 MHz) test  s igna l .  These d e t e c t o r s  are accura t e  t o  wi th in  
r o u g h l y  10%.  The t y p i c a l  r e s p o n s i v i t y  of t h e  b o l o m e t e r s  i s  1 0  
v o l t s / w a t t  and t h e  NEP a t  2 0  H z  is  5 x lo-’ W ( H z ) - ’ l 2 .  A p a p e r  
t i t l e d  l lMeasuremen t  T e c h n i q u e s  f o r  S u b s t r a t e  Mounted M M W  
A n t e n n a s ”  was p r e s e n t e d  a t  t h e  C o n f e r e n c e  on M i l l i m e t e r  
Wave/Microwave Measurements and S t a n d a r d s  f o r  M i n i a t u r i z e d  
Systems, 6-7 November 1986 i n  Huntsv i l le ,  Alabama and is included 
i n  Appendix A. 
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2 .  Summary of Work Completed. 
Accurately c a l i b r a t i n g  the  bolometers was deemed necessary 
i f  t h e  e f f e c t  o f  t h e  s u b s t r a t e ,  a n t e n n a  e f f i c i e n c y ,  a n d  
r e c t i f i c a t i o n  e f f i c i e n c y  are  t o  be s e p a r a t e d  i n  t h e  o v e r a l l  
r e c t e n n a  p r o c e s s .  F u r t h e r ,  t h e  v o l t a g e  deve loped  a c r o s s  t h e  
t e r m i n a l s  o f  t h e  an tenna  should  be known i n  o r d e r  t o  choose a 
diode w i t h  t h e  proper c h a r a c t e r i s t i c s  f o r  t h e  r e c t i f y i n g  c i r c u i t .  
Recent work by Boyakhchyan, et a1.l and Ashok’ has  shown how the  
p a r a m e t e r s  of  Scho t tky  d i o d e  rect i f iers  s h o u l d  be a d j u s t e d  f o r  
d i f f e r e n t  i n p u t  power  l e v e l s .  T h e  r e s u l t s  o f  n u m e r i c  
c a l c u l a t i o n s  i n  t h i s  work show t h a t  c h o o s i n g  t h e  p r o p e r  
p a r a m e t e r s  makes  a s i g n i f i c a n t  d i f f e r e n c e  i n  c o n v e r s i o n  
e f f i c i e n c y .  
T h e  respons iv i ty  (vol ts /wat t )  of t h e  bolometer is of primary 
i n t e r e s t  because it gives  the r a t i o  of d e t e c t o r  vo l t age  output  t o  
V H F  o r  m i l l i m e t e r  wave ( M M W )  power abso rbed  unde r  a g i v e n  b i a s  
c u r r e n t .  The r e s p o n s i v i t y  of t h e  b o l o m e t e r  can  be d e t e r m i n e d  
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from a series of dc measurements. Experiments c a r r i e d  ou t  a t  10- 
9 0  MHz showed t h a t  t h i s  method of  d e t e r m i n i n g  t h e  r e s p o n s i v i t y  
accu ra t e ly  measures t h e  appl ied power t o  w i t h i n  roughly 10%.  
For s m a l l  appl ied  power, t h e  r e s i s t a n c e  of t he  bolometer can 
be modeled by 
R = Ro + BP, 
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where Ro is a co ld  r e s i s t a n c e  t e r m  and P is the power d i s s i p a t e d  
i n  t h e  bo lomete r .  By t a k i n g  t h e  d e r i v a t i v e  o f  t h e  r e s i s t a n c e  
w i t h  r e s p e c t  t o  power, w e  g e t  B which  i s  t h e  measure  o f  how t h e  
r e s i s t a n c e  changes w i t h  appl ied power. When ope ra t ing  as a power 
d e t e c t o r ,  a cons tan t  c u r r e n t  is suppl ied t o  t h e  bolometer so  t h a t  
t h e  change i n  r e s i s t a n c e  due t o  an appl ied  VHF o r  MMW s i g n a l  can 
be  measured by o b s e r v i n g  t h e  change i n  v o l t a g e  a c r o s s  t h e  
d e t e c t o r .  The r e spons iv i ty  is given by 
R = BIbias (vol t s /wat t )  , 
and t h e  detected power is given by 
= 'detector/R ( 3 )  
S i n c e  t h e  d e t e c t o r  is b i a s e d  w i t h  a c o n s t a n t  c u r r e n t ,  t h e  
VHF o r  MMW s i g n a l  must be modulated i n  o r d e r  t o  measure  t h e  
change i n  bo lomete r  r e s i s t a n c e .  V d e t e c t o r  is  e q u a l  t o  t h e  
d i f f e r e n c e  between t h e  b ias  v o l t a g e  and t h e  v o l t a g e  a c r o s s  t h e  
b o l o m e t e r  when t h e  power i s  a p p l i e d .  Most o f t e n  V d e t e c t o r  is  
measured w i t h  a lock-in ampl i f ie r .  
T h e  p r o c e d u r e  t o  d e t e r m i n e  t h e  r e s p o n s i v i t y  s tarts by 
measuring the r e s i s t a n c e  versus bias power of t h e  bolometer. T h e  
v o l t a g e  a c r o s s  a lk ohm p r e c i s i o n  m e t a l  f i l m  r e s i s t o r  i n  t h e  
c u r r e n t  b i a s i n g  c i r c u i t  is measured t o  d e t e r m i n e  t h e  b i a s  
c u r r e n t .  T h e  v o l t a g e  measurement a c r o s s  bo th  t h e  meta l  f i l m  
r e s i s t o r  and the  bolometer is  made w i t h  5-1/2 d i g i t  mult imeters .  
The  c i r c u i t  used t o  make t h e  r e s i s t a n c e  v e r s u s  b i a s  power 
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Figure  1. B i a s  Power Versus  B o l o m e t e r  R e s i s t a n c e  Measurement 
C i r c u i t .  
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Figure 2. Sample Plot of Bias Power Versus Bolometer Resistance 
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measurements  is shown i n  F i g u r e  1, and a t y p i c a l  r e s i s t a n c e  
ve r sus  bias  power p l o t  is shown i n  Figure 2. I n  t he  f i g u r e ,  two 
l i n e s  a r e  p l o t t e d  which r e p r e s e n t  measurements  t a k e n  s e v e r a l  
h o u r s  a p a r t .  I t  i s  s e e n  t h a t ,  e v e n  t h o u g h  t h e  a b s o l u t e  
r e s i s t a n c e  has  changed over  t i m e ,  t h e  s l o p e  of t h e  l i n e  (and t h u s  
t h e  respons iv i ty)  has  no t  changed. 
The r e s p o n s i v i t y  is c a l c u l a t e d  by t a k i n g  t h e  s l o p e  o f  t h e  
l i n e  a t  t h e  d e s i r e d  b i a s  power. S i n c e  t h e  r e s p o n s i v i t y  i s  
d i r e c t l y  propor t iona l  t o  t h e  b i a s  cu r ren t ,  a larger b i a s  c u r r e n t  
i s  d e s i r a b l e ,  a l t h o u g h  t h e  b i a s  power p l u s  t h e  d e t e c t e d  power 
should no t  be t o o  l a r g e  t o  cause the bolometer t o  be unstable .  
The r e s p o n s i v i t i e s  f o r  10 d i f f e r e n t  bismuth bolometers a r e  
g i v e n  i n  T a b l e  1. A l l  o f  t he  b o l o m e t e r s  w e r e  1 0  mic rons  w i d e  and 
1500 Angstroms thick.  The lengths  of 80, 4 0  and 20  microns w e r e  
chosen  because  t h e  ho r seshoe  shaped b o l o m e t e r  u sed  i n  t h e  
antennas is a p a r a l l e l  combination of one 4 0  micron bolometer and 
two 20 micron bolometers3. An a d d i t i o n a l  1 0  micron Bi-Au con tac t  
r e g i o n  i s  added t o  e a c h  e n d  o f  t h e  b o l o m e t e r  s o  t h a t  t h e  
b o l o m e t e r  can  be c o n t a c t e d  t o  t h e  t e s t  c i r c u i t  v i a  l a r g e  g o l d  
pads. 
A V H F t e s t  c i r c u i t  was a s s e m b l e d t o t e s t t h e  a c c u r a c y o f t h e  
dc measured responsivi ty .  The idea  w a s  t o  c a l c u l a t e  t he  d e t e c t o r  
r e s p o n s i v i t y  by t h e  dc measurement t e c h n i q u e ,  and t h e n  a p p l y  a 
known VHF s i g n a l  t o  t h e  bo lomete r  and compare t h e  d e t e c t o r  
measured power w i t h  t h e  ac tua l  power applied.  The thermal t i m e  
cons tan t  of t he  bolometer is too  long t o  t r a c k  t h e  VHF s i g n a l ,  s o  
t h e  d e t e c t o r  w i l l  measure t h e  r m s  power. There is no d i f fe rence  
be tween t h e  o p e r a t i o n  o f  t h e  b o l o m e t e r  a t  VHF and a t  M M W  
f requencies  s i n c e  both s i g n a l s  are faster than  the  t i m e  cons t an t  
of t he  bolometer. Therefore, t h i s  is a meaningful way t o  tes t  i f  
t h e  r e s p o n s i v i t y  c a l c u l a t e d  from t h e  dc b i a s  power v e r s u s  
b o l o m e t e r  r e s i s t a n c e  p l o t  w i l l  b e  a c c u r a t e  a t  m i l l i m e t e r  wave 
frequencies .  
T h e  VHF t e s t  c i r c u i t  is  shown i n  F i g u r e  3. The VHF s i g n a l  
is turned  on and of f  a t  a given modulation frequency (10-500 H z )  
f o r  t h e  o p e r a t i o n  of  t h e  lock - in  a m p l i f i e r .  A h i g h  p a s s  f i l t e r  
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Responsivity 
(volts/watt) 
BOLOMETER LENGTH (microns) 
80 
4.8 
11.7 
5.4 
40 
7.0 
9.0 
16.1 
20 
2.8 
9.8 
6.7 
2.7 
Table 1. dc Responsivities f o r  the Different Length Bolometers. 
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is  p l a c e d  a f t e r  t h e  VHF g e n e r a t o r  t o  e n s u r e  t h a t  no remnant  o f  
t h e  m o d u l a t i o n  s i g n a l  i s  i n t r o d u c e d  i n t o  t h e  c i r c u i t .  T h e  3 -  
s t a g e  low pass  f i l ters between t h e  bolometer and t h e  bias c i r c u i t  
and between t h e  bolometer and t h e  lock-in a m p l i f i e r  have over 80  
d B  a t t e n u a t i o n  a t  1 0  MHz. The low p a s s  f i l t e r  t o  t h e  b i a s  
c i r c u i t  is n e c e s s a r y  t o  i s o l a t e  t h e  VHF g e n e r a t o r  and t h e  b i a s  
supp ly .  T h e  l o w  p a s s  f i l t e r  t o  t h e  l o c k - i n  a m p l i f i e r  is  needed 
t o  p r e v e n t  demodu la t ion  of  t h e  VHF s i g n a l  on t h e  n o n l i n e a r  
e l e m e n t s  o f  t h e  preamp. Such demodu la t ion  y i e l d s  e r r o n e o u s l y  
large d e t e c t o r  vo l t age  measurement. Blocking c a p a c i t o r s  a r e  used 
t o p r e v e n t  t h e  d c b i a s  c u r r e n t  from e n t e r i n g t h e V H F  g e n e r a t o r  o r  
t h e  lock-in ampl i f i e r .  
The first measurement performed on t h e  VHF tes t  c i r c u i t  w a s  
t o  compare t h e  change i n  bolometer r e s i s t a n c e  w i t h  d c  power and 
V H F  power. T h i s  w a s  done by f irst  s e l e c t i n g  a b i a s  p o i n t  f o r  
bolometer. Then a d d i t i o n a l  dc power was added t o  t h e  bolometer, 
and t h e  change i n  r e s i s t a n c e  w a s  noted.  T h e  b o l o m e t e r  was set  
back t o  t h e  b i a s  p o i n t  and a n  e q u i v a l e n t  r m s  VHF power was 
a p p l i e d .  T h e  change i n  r e s i s t a n c e  was measured by a l o c k - i n  
ampl i f i e r .  The VHF s i g n a l  was turned  on and o f f  a t  a 1 0  H z  r a t e ,  
and t h e  v o l t a g e  measured on t h e  l o c k - i n  a m p l i f i e r  w a s  e q u a l  t o  
t h e  r m s  v a l u e  o f  t h e  b i a s  c u r r e n t  m u l t i p l i e d  by t h e  change i n  
r e s i s t a n c e .  T h e  r e s u l t s  are  shown i n  T a b l e  2. I n  e i g h t  of  t h e  
t e n  bolometers shown, t h e  agreement w a s  5% o r  better. 
I n  t h e  second measurement,  t h e  VHF power measured by t h e  
b o l o m e t e r  w a s  compared t o  t h e  a c t u a l  power a p p l i e d  t o  t h e  
d e t e c t o r .  F i r s t ,  t h e  d c  r e s p o n s i v i t y  of  t h e  d e t e c t o r  was 
measured,  and t h e  bo lomete r  w a s  b i a s e d  w i t h  a n  a p p r o p r i a t e  
c u r r e n t  (1 -2  mA) .  A modulated VHF s i g n a l  w i t h  known power 
( a p p r o x i m a t e l y  4 0 %  of t h e  d c  b i a s  power) w a s  a p p l i e d  t o  t h e  
bo lomete r .  T h e  d e t e c t o r  v o l t a g e ,  measured w i t h  a l o c k - i n  
a m p l i f i e r ,  was d i v i d e d  by t h e  dc r e s p o n s i v i t y  t o  y i e l d  t h e  
measured power. The p e r c e n t  d i f f e r e n c e  be tween t h e  measured 
p o w e r  a n d  t h e  a c t u a l  power  w a s  shown i n  T a b l e  3 f o r  t h e  
d i f f e r e n t  l ength  bolometers. I n  genera l ,  t he  bolometer measured 
power w a s  a b o u t l O % l e s s t h a n t h e  a c t u a l  power. 
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BOLOMETER LENGTH (microns) 
0 
0 
% difference 
in resistance 
80 
3.5 
4.3 
16.9 
4 0  
10.9 
2.9 
5.1 
2 0  
3.5 
1.67 
5.0 
2.6 
Table 2. Percent Difference Between the Change in Resistance of 
the Bolometers for Equivalent dc and VHF Power. 
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0 % difference in 
measured and actual 
VHF Power 
BOLOMETER LENGTH (microns) 
80 
9.8 
10.7 
4 0  
10.8 
19.4 
6.8 
20 
8.8 
2.1 
15.8 
24.9 
Table 3. Percent Difference Between the Measured and Actual VHF 
Power Applied to the Bolometers. 
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T h e  dc r e s i s t a n c e  measurements of t h e  20  micron bolometers 
w e r e  t h e  largest  source of e r r o r  i n  t h e  r e spons iv i ty  c a l c u l a t i o n s  
of  t h e s e  e l e m e n t s .  These measurements w e r e  o f t e n  a t  o r  j u s t  
below t h e  s p e c i f i e d  accuracy of t h e  5-1/2 d i g i t  mul t imeter  used 
i n  t h e  experiment. The d a t a  f o r  t h e s e  bolometers is included f o r  
completeness. T h e  d i f f i c u l t i e s  i n  measuring the  sma l l  changes i n  
r e s i s t a n c e  w i l l  n o t  be a problem f o r  t h e  a n t e n n a  measurements  
s i n c e  t h e  8 0  micron  b o l o m e t e r ' s  r e s i s t a n c e s  a r e  f o u r  t i m e s  
g r e a t e r  t han  t h e  2 0  micron bolometers. 
The VHF s i g n a l  was i n c r e a s e d  from 1 0  M H z  t o  9 0  MHz w i t h  no 
change i n  measured power. 90  MHz was t h e  upper l i m i t  because of 
the bandwidth of t h e  osc i l loscope  used t o  measure t h e  a c t u a l  VHF 
power. 
T h e  e f f e c t  of t h e  m o d u l a t i o n  f r e q u e n c y  o f  t h e  V H F  o r  
m i l l i m e t e r  wave s i g n a l  has  a l so  been explored i n  t h e  experiment. 
T h e  t he rma l  t i m e  c o n s t a n t  of t h e  b o l o m e t e r  is a measure of how 
q u i c k l y  t h e  d e t e c t o r  responds t o  changes  i n  t e m p e r a t u r e .  The 
d e t e c t o r  v o l t a g e  s i g n a l  fo r  a 2 0  mic ron  l o n g  b o l o m e t e r  and t h e  
VHF s i g n a l  modulated a t  1 0 0  Hz are  r e c r e a t e d  i n  F i g u r e  4. ( T h e  
f r e q u e n c y  o f  t h e  VHF s i g n a l  is  n o t  d e p i c t e d  a c c u r a t e l y  f o r  
c l a r i t y . )  T h e  exponent ia l  rise and f a l l  i n  the  d e t e c t o r  voltage 
is caused  by t h e  e x p o n e n t i a l  i n c r e a s e  and d e c r e a s e  i n  t h e  
b o l o m e t e r  res i s tance  and hence t h e  e x p o n e n t i a l  i n c r e a s e  and 
decrease  i n  t h e  bolometer temperature. Clear ly ,  t h e  modulation 
frequency should no t  be set s o  t h a t  t h e  detector vo l t age  does no t  
r e a c h  i t ' s  s t e a d y  s t a t e  value.  I f  t h e  d e t e c t o r  v o l t a g e  i s  
l a r g e ,  it can  be r e a d  on an o s c i l l o s c o p e  as  t h e  d i f f e r e n c e  
b e t w e e n  t h e  two s t e a d y  s t a t e  v a l u e s  ( a s  i n  F i g u r e  4 ) .  Using a 
lock-in a m p l i f i e r  t o  measure  the  d e t e c t o r  vo l t age  p l aces  f u r t h e r  
r e s t r i c t i o n  on t h e  modulation frequency. Typical ly ,  t h e  lock-in 
a m p l i f i e r  measures t h e  r m s  value of t h e  d e t e c t o r  s igna l .  I f  t h e  
d e t e c t o r  s i g n a l  is  a s q u a r e  wave, t h e n  t h e  d e t e c t o r  v o l t a g e  i s  
t w i c e  t h e  r e a d i n g  of t h e  lock - in  a m p l i f i e r .  I f ,  however, t h e  
exponent ia l  rise and f a l l  is  apprec iab le  i n  t h e  d e t e c t o r  s i g n a l ,  
t h e  l o c k - i n  a m p l i f i e r  reading w i l l  be less t h a n  h a l f  o f  t h e  
d e t e c t o r  vol tage.  T h i s  l a s t  s i t u a t i o n  must either be taken i n t o  
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account when calculating the detector voltage or avoided 
altogether. 
Figure 5 shows the rolloff of the normalized detector 
voltage measured by a lock-in amplifier for several different 
length bolometers. From the plot, the longer bolometers exhibit 
a faster rolloff. The thermal decay time constant for a thermal 
detector can be calculated from 
* ‘ c =  -1 
21T f 
( 4 )  
where f* is the frequency where the detector voltage rolls off to 
2-’12 of its dc value. The thermal decay time constants for the 
various length bolometers have been calculated and are compiled 
in Table 4 .  The shorter bolometers have the smaller time 
constants because they have smaller thermal mass. 
calculated with the expression 
The noise equivalent power (NEP) of the bolometers was 
e 
= Vnoise/R (5)  
e 
0 
the noise voltage, Vnoise, was measured with a PAR model 1 2 4  with 
model 116 preamp in the direct mode. The bolometer was biased at 
its operating point and the noise voltage was read with the 
chopping frequency set at 20 H z .  The 1 0 %  noise equivalent 
bandwidth filter was used in the measurement. The average value 
of the NEP was 5 x lo-’ watts ( H z ) - l 1 2 .  
3 .  Conclusions and Future Work 
The responsivity of the bolometers can be determined by the 
series of dc measurements. The typical responsivity for the 
detectors is 10 volts/watt and the typical NEP at 2 0  H z  is 5 x 
lo-’ watts ( H z ) - ’ 1 2 .  The responsivity and N E P  have been 
experimentally verified at VHF, and the responsivity is accurate 
to within about 1 0 % .  There should be no degradation in accuracy 
at MMW frequencies. 
It was necessary to calibrate and confirm the accuracy of 
0 1 3  
e 
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Figure 5. Roll-off of the Normalized Responsivity for the 
Different Length Bolometers. 
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Table 4. Thermal Decay Time Constants of the Different Length 
Bolometers. a 
0 
0 
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the bolometers for two reasons. First, the power present at the 
antenna terminals must be known to choose a diode with the best 
characteristics (e.g., barrier height). Secondly, the relative 
efficiency of the antenna and the rectifying circuit can be 
determined. 
Presently, preparations for the last set of antenna 
There are two objectives of these measurements are underway. 
measurements: 
1. To determine, first, the power density of the MMW field 
(at 230 GHz) presented to the antenna, and then measure 
the power received by the antenna. From this, the 
antenna efficiency can be calculated. 
By measuring the power detected by the bolometer, the 
optimum diode characteristics for the rectifying 
circuit can be calculated. 
After these measurements, work will begin on rectennas with 
commercially available diodes bonded into the rectifying circuit. 
Diodes made for operation at 230 GHz have been denoted by Hughes 
Aircraft Company in exchange for test results. If these diodes 
are unsuitable for the power level at the antenna, other diodes 
can be used at an operating frequency of around 100 GHz. 
2. 
e 
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